Introduction and objective. The invasive alien species Ambrosia artemisiifolia cause environmental, agronomical and medical problems in many regions of the world, including Slovakia. The purpose of this study was to survey the spread and distribution of this species in Slovakia and to analyse its airborne pollen pattern. Materials and methods. To evaluate the spatiotemporal dynamics of Ambrosia invasion in the territory of Slovakia, herbarium specimens, published databases and field investigations were considered. Aerobiological sampling was based on the analysis of pollen records at five aerobiological stations in Slovakia. For Bratislava and Banská Bystrica Monitoring stations, trends in Ambrosia pollen seasons were determined using Mann-Kendall test and Sen's slope estimator. Results. Since the first record of A. artemisiifolia in Slovakia, the number of its colonies and its spread rate has increased considerably, and the colonisation of this species has been successful mainly in the south-western part of the country. Highest airborne pollen counts were recorded in Nitra, Trnava and Bratislava Monitoring Stations situated in the areas most infested by A. artemisiifolia in Slovakia. However, high pollen counts were also noted in Banská Bystrica and Košice Monitoring Stations situated in areas where the source species was less abundant. During the study period, the number of days on which the pollen concentration exceeded the threshold of sensitivity increased significantly (+1.33 days/year) in Banská Bystrica, whereas the peak value decreased significantly (-13.37 pollen/year) in Bratislava. Conclusion. The number of the populations of A. artemisiifolia has increased considerably in recent years. Besides the most infested areas, high airborne pollen counts were also recorded in territories where the plant species was less abundant. During the study period, the intensity of Ambrosia pollen seasons decreased in Bratislava, probably due to changes in landuse practices, while the increasing trend in the pollen seasons intensity in Banská Bystrica mainly reflects the situation in the ragweed-infested remote areas due to long-range pollen transport.
INTRODUCTION
Biological invasions represent a great danger for the conservation of biological diversity and ecosystem functions and constitute a health risk for human society [1] . Ambrosia artemisiifolia (common ragweed) of the Asteraceae family, originates from the temperate regions of North America, is considered as a bioinvader due to its enormous spread potential in Europe [2] . Ragweed spreads very easily and rapidly, mainly due to the large seed production; from about 3,000-62,000 seeds by each plant every year [3] . Moreover, ragweed seeds can rest in the soil for more than 30 years if the conditions are unsuitable for germination [4] . The long-range ragweed dispersal is mostly dependent on human activities, due to the lack of an effective, natural mechanism of its seed dispersion over long distances [5] . The most important introduction pathways related to anthropogenic activities include highways, railways, transport of soil, and agriculture machines [6] . However, taking into account the regional scale, the seeds can spread spontaneously by water, birds and wind [7, 8] . The speed of its spontaneous spread is from 6-20 km per year [9] .
The genus Ambrosia is represented by approximately 40 species worldwide [10] . Among them only A. artemisiifolia L. and A. trifida L. grow in Slovakia, whereas A. trifida occurs only randomly and to-date has not occurred expansively, in contrast to A. artemisiifolia which is commonly distributed, especially in the southern parts of the country [11] . This species requires a warm continental climate, dry soil and sufficient humidity during the summer time [12] . It generally occurs in dry fields and pastures, along roadsides and railway lines, and in waste grounds and fallow lands [12] .
Ragweed is considered a noxious invasive species and as an important weed in agriculture, as well as a source of allergenic pollen [13] . Its pollen is one of the most important causes of allergic disease, such as seasonal rhinitis, conjunctivitis, asthma, and less commonly dermatitis in many areas in the United States [14] and Canada [15] . Its clinical relevance has dramatically increased even in Europe in the last decades [16] . In Europe, among the patients suffering of pollinosis, sensitization to ragweed pollen grains ranges from 2.5% in Finland to 60% in Hungary [16] . Ragweed pollen is recognised as highly allergenic also in Slovakia as a large part of pollen allergic individuals react to its pollen grains [17] . Furthermore, the existence of cross-reactivity between the pollen allergens of different species of Asteraceae family may enhance the risk of sensitization by A. artemisiifolia [18] . This anemophilous plant species produces millions of small pollen grains [19] and only a few pollen grains are enough to cause allergic symptoms in people [20] . The threshold value triggering clinical symptoms differ in different countries. In Austria, the threshold value is below 20 pollen grains m -3 [21, 22] , whereas in France and Hungary the threshold value is below 13 and 30 pollen grains m -3 , respectively [23, 24] .
The introduction of A. artemisiifolia in Europe began in the second half of the 19 th century; however, its massive spread began at the beginning of the 20 th century after the First World War [25] . The species were transferred to Europe from America in shipments of agricultural products, e.g. purple clover seeds, potatoes or maize [24, 26] . According to herbarium records, the first temporary colonization of this species in Europe was reported in 1863, simultaneously in Germany and France [24, 26] .
In Europe, the most severely invaded regions by ragweed are: 1) Central Europe -Hungary, Austria and Slovakia, 2) Eastern Europe -Ukraine, European part of Russia, 3) South-Eastern Europe -Romania, Croatia and Serbia, and 4) Southern Europe -Slovenia, southern France and northern Italy [21, 24, 27, 29, 30, 31, 32, 33, 34] . Additionally, a few localities of ragweed have been also recorded in Czech Republic [28] , Germany [35] , Switzerland [36] and Poland [37] .
OBJECTIVE
Very limited biological information on ragweed is available in Slovakia. Therefore, the aims of the study are: 1) to document the introduction, spread and distribution of this species, both in the past and present in Slovakia, and 2) to analyse its airborne pollen pattern based on the pollen records of five monitoring stations of the Pollen Information Service Network of Slovakia, situated in the western, central and eastern parts of the country. This is the first comprehensive study dealing with the introduction, spread and distribution of A. artemisiifolia in Slovakia.
MATERIALS AND METHODS
Slovakia is a landlocked Central European country with mountainous regions in the central and northern parts of the country, and lowlands in the south. It has a population of over five million and an area of about 49,000 km 2 , of which lowlands (95-299 m above sea level) represent 40%, uplands and low hills (300-799 m above sea level) 45%, and highlands (more than 800 m above sea level) 15%. Slovakia belongs to the northern moderate climatic zone, with relatively warm summers and cold and humid winters. The weather differs from the mountainous north to the plains in the south. The warmest and driest region is southern Slovakia with an average annual temperature around 10.3 °C and precipitation around 530 mm. With increasing altitude, the temperature decreases and rainfalls increases.
The spatiotemporal dynamics of ragweed invasion is evaluated based on: 1) herbarium specimens deposited in the Herbarium of the Department of Botany, Comenius University (SLO), 2) published databases [11, 38] and 3) field investigations carried out during 2004-2014. During the field investigations, potential habitats of A. artemisiifolia, mainly along roads and fields around villages situated in different parts of Slovakia, were inspected. Based on the obtained records, maps indicating the spatial distribution of A. artemisiifolia in Slovakia during four time periods (before 1969, 1989, 2009 and 2014) were compiled.
The filtration of the source data was based on the removal of duplicate data. Herbarium specimens having the same date (year) and same locality were treated as one specimen. All populations cited in the literature were checked and monitored in the field. Based on the botanical recording in the field, the localities situated less than two kilometres apart were merged into one locality and marked by a single dot on the distribution maps. Points on the maps do not correspond exactly to the number of ragweed localities recorded, whereas points lying close to each other are merged. Conversely, the extensive continuous populations along roads recorded as a single location, are depicted in the maps by two points.
In Slovakia, pollen monitoring started in 1995. Since that time, the Pollen Information Service Network of Slovakia has undergone many changes until the present state in which there are five monitoring stations in operation ( Fig. 1 ). The aeropalynological study was carried out at five following monitoring sites: 1) Bratislava ( Table 1 shows the characteristics of these sites, their geographic location and topography.
Pollen sampling was performed using Burkard sevenday volumetric pollen traps [39] situated at the height of 10-18 m above the ground (Tab. 1). Ambrosia pollen data were collected and analysed in accordance with other researchers [40] . The average daily pollen concentrations are expressed as the number of pollen grains m -3 .
Pollen seasons were calculated using the 90% method. The start of the season was defined as the date when 5% of the seasonal cumulative pollen count was trapped, and the end of the season as the date when 95% of the seasonal cumulative pollen count was reached [41] .
Annual trends of the following Ambrosia pollen season parameters were analysed: 1) seasonal pollen index (SPI) -sum of daily average pollen concentration recorded during the pollen season; 2) peak daily pollen concentration; 3) start; 4) end, and 5) duration of the pollen season.
To evaluate the statistical significance and the slope of existing trends, non-parametric Mann-Kendall test and Sen's method [42, 43] were used. The trend analysis was performed only on data collected from the stations in Bratislava and Banská Bystrica, since this type of analysis requires extensive data sets (more than 10 years). All data analyses were carried out by Statistica 10.
RESULTS AND DISCUSSION
The spread and distribution of Ambrosia artemisiifolia in Slovakia. The first records of A. artemisiifolia in the southwestern and south-eastern parts of Slovakia date back to 1949 and 1957, respectively [11] . Based on the long distance between the first localities (more than 300 km) it was deduced that there were two ways that this species spread to Slovakia: from Pannonia and the East [11] . Mentioned author pointed out that the populations coming from Pannonia, eastern Hungary, colonized the territory of south-western Slovakia during the 1940s, while the south-eastern part of the country was colonized during the 1950s by ragweed seeds coming from Ukraine in connection with the transport of iron ore and eastern crops. The theory of spontaneous spread of ragweed from Hungary is improbable since the ragweed localities found in Hungary in a given time period were located more than 100 km away from the Slovak border. Contrary to this theory, it is assumed that the origin of ragweed populations in south-west Slovakia is most likely derived from native Canadian populations. The reason is that in the years 1946-1947, Europe suffered a climate catastrophe. Cold and extreme drought devastated crop production [44] . In 1947-1948, based on the political and economic situation in Central Europe, the former Soviet Union purchased from Canada for former Czechoslovakia crops accidentally contaminated by ragweed [44] . This theory is also confirmed by a genetic study which revealed that contrary to ragweed populations in Western Europe originating in the United States, the populations in Central and Eastern Europe probably originated in Canada [45] .
In Slovakia, the first references of the genus Ambrosia dates back to 1949, when samples of A. artemisiifolia were found in Komárno and Vráble (SW Slovakia) [11] . Since that time, the number of its localities gradually increased; however, until 1969, it still remained as a very rare immigrant ( Fig. 3a ). According to herbarium records, in the period between 1949-1969, this species was recorded 21 times ( Fig. 2) , mainly in port cities, at railway lines and in maize fields. The most intense ragweed immigration in Slovakia took place after 1970. In the period of 20 years (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) this species was recorded 167 times ( Fig. 2 ). In this period, the species became invasive and gradually spread in the Danube lowland ( Fig. 3b ), where it occurred in fields, in rural and urban environments and along railway lines. Only 6 of the above mentioned 167 ragweed localities were located outside lowlands. During the next 20-year period (1990-2009), the number of records decreased to 64 (Fig. 2) , with 45 of them were located outside of lowlands. This period is characteristic by an increase in the number of ragweed populations along roads, and by the accidental introduction of them at higher altitudes (Fig. 3c ). Starting in 2010, the number of ragweed records significantly increased with the main occurrence along highways and main roads (Fig. 3d ).
In the short period of five years (2010-2014), this species was recorded 130 times (Fig. 2) . The reason of this much higher spreading rate of the species through the country in the last few years is the increase in the transportation of goods and increase in communication networks, especially highways in Slovakia. This is in accordance with other researchers [6, 24] who pointed out that human activities plays an important role in the spreading of ragweed species. Altogether, 461 ragweed records of published databases, 122 records of field investigations and 41 herbarium specimens were analysed, of which 382 were used for the compilation of spatial distribution maps. Based on the field investigations, it was observed that the size of local populations at particular sites varied from a few to thousands of individuals. Ragweed forms continuous populations along roads over one kilometre in length, and also some localities previously published as being separate, which have recently formed connected areas.
There are two main invaded areas in Slovakia, situated in the south-west and south-east of the country (Fig. 3) , However, the number of ragweed populations is incomparably lower in the south-eastern than in the south-western part of the country. The expansive behaviour of the western Slovak population of ragweed compared to the east could by caused by several factors. In the first years of introduction of the species, there were found several separated populations in the west, while in the east only one population occurred. Thus, genetic variability was higher in the west than in the east. The higher the genetic variability of introduced populations, the more successful is the introduction into new habitats and the higher evolutionary potential of the species [46, 47, 48] . One of the most important factors for invasion is intraspecific hybridization, which increases the adaptability of the species to new conditions [49] . In western Slovakia, populations were in closer contact with populations in western Hungary which, due to an earlier introduction, could have a different origin than Slovak populations which mutually increased their genetic variability. The Hungarian populations were also already in an advanced stage of adaptation. The population in the east were less adapted to the hilly vegetation ranges and more isolated from the Hungarian populations; therefore, their adaptation lasted longer. These populations have spread just south along the Tisza River and colonized eastern Hungary.
From the most infested area situated in the south-western part of Slovakia, ragweed is extending to east and northeast along the highways and main roads during the last few years (Fig. 3d ). This is in accordance with other researchers who concluded that linear corridors, such as highways and railways, facilitate the invasion of alien species [50] . Some individual localities situated in central and northern Slovakia consist of populations of only a few individuals, which were randomly introduced in higher altitudes and have not spread to other areas.
In the prognosis of the spread of ragweed throughout the country it was predicted that only lowland (less than 300 m above sea level), or rarely hill-land areas (300-500 m above sea level) situated in southern and central parts of Slovakia will be invaded by this species [11] . However, since 1980, the species has occurred increasingly in up-hill territories (more than 500 m above sea level) situated in northern part of the country [38] . The spreading rate of ragweed populations seems to indicate that this species has found in Slovakia an ideal habitat for its expansion.
Dynamics of airborne pollen of Ambrosia artemisiifolia in Slovakia.
The aeropalynological studies revealed that the airborne Ambrosia pollen concentrations in Slovakia varied according to season and monitoring station. The sums of the mean daily pollen concentrations during the pollen season (seasonal pollen index -SPI) measured at five monitoring stations in Slovakia in 1995-2014, are shown in Table 2 . Taking into consideration all monitoring sites and years, both the highest and lowest SPI was recorded in Banská Bystrica: 3,898 pollen grains m -3 in 2009 and 251 pollen grains m -3 in the 2007 pollen season, respectively. Of all monitoring sites, the highest mean of the SPIs was recorded in Nitra (2,230 pollen grains) for the 5-year period 2010-2014, whereas the lowest was noted in Banská Bystrica (1,427 pollen grains) for the period of 11 years -2003, 2005-2014. It is important to note that the Nitra Monitoring Station is located in an area where Ambrosia is widespread while the Banská Bystrica Monitoring Station is located in an area where this species is less abundant (Fig. 3) . This may suggest that the local populations have a substantial influence on the pollen records, particularly in the Nitra, Trnava and Bratislava Monitoring Stations situated in the Podunajská nížina Lowland, the most ragweed-infested area in Slovakia (Fig. 3) . This is in accordance with other researchers [6] who have suggested that the amount of pollen recorded at a particular site can be generally considered as a reflection of the abundance of the species. High SPIs were also recorded in the Banská Bystrica and Košice Monitoring stations situated in central and eastern Slovakia, respectively, despite the few ragweed localities located in these areas and its surroundings (Tab. 2; Fig. 3d ). This may suggest that the long-range transport episodes, together with local populations, could also have a substantial influence on the pollen records in this area situated close to regions where ragweed is widely widespread, such as Podunajská nížina Lowland (SW Slovakia) and Hungary. Ambrosia pollen is able to be transported over long distances [51] ; therefore, it cpuld be responsible for high airborne pollen concentrations in the territories where the source plant is scarce [52] . In this sense, it can be assumed that a certain part of ragweed pollen recorded in the Banská Bystrica Monitoring Station, could have originated from allochthonous sources. Similar findings were observed for Poland [53] and for Catalonia (NE Spain) [6] , where Ambrosia has a limited distributions, but the pollen was frequently noted at monitoring stations.
Ambrosia pollen seasons have a tendency towards a decreasing intensity in Bratislava, whereas in Banská Bystrica a slight increase in SPI was observed during the study period. However, in both cases, these trends were not statistically significant (Tab. 4). In Poland [54] and Switzerland [55] , the annual total Ambrosia pollen concentrations showed a strong and statistically significant decreasing tendency during the study period. In contrast, growing trends of Ambrosia pollen concentration were observed in Austria [21] and in the Czech Republic [28] . Of all the monitoring stations, the highest Ambrosia peak pollen value was recorded in Banská Bystrica (mean = 264 pollen m -3 ), whereas the lowest was recorded in Bratislava (mean = 190 pollen m -3 ). In Bratislava, Ambrosia peak pollen values have a significantly decreasing intensity (-13.37 pollen/year, p<0.05) during the study period (Tab. 4). It is assumed that the tendency towards a decreasing intensity of Ambrosia pollen seasons in Bratislava could be related to land-use practices and urbanisation, resulting in a reduction of abandoned areas where the weeds are usually abundant. For example, some researchers [56] reported that the significant decreases for weed pollen season intensity could possibly be explained by intensification of weed control.
At all the sites in all years of monitoring, the number of pollen grains on peak days exceeded the threshold value for sensitisation, which is considered to be below 20 pollen grains m -3 [21] . When considered all monitoring years as a group, the mean number of days when the mean daily pollen concentration exceeds threshold of sensitivity ranged between 12 days (Banská Bystrica) and 28 days (Nitra) (Tab. 3). According to reports from neighbouring countries, in Hungary and Poland there are 25-30 days and 1-2 days, respectively, in the critical period with daily pollen concentrations over the allergological threshold value [57] [58] . For the Nitra, Bratislava and Trnava Monitoring stations, more often than for the Banská Bystrica and Košice Monitoring stations, airborne Ambrosia pollen concentration exceeded the threshold of sensitivity (Tab. 3). The number of days with average daily pollen concentration higher than 20 pollen grains m -3 have a tendency towards increasing intensity in both analysed monitoring stations during the study period, but the only significant trend was for Banská Bystrica (+1.33 days/year, p<0.05) (Tab. 4). It is expected that this increasing trend in Banská Bystrica is primarily associated with the long-range pollen transport from the heavily-infested areas, as the source plant is not abundant in this area and its nearest surroundings. In contrast to the presented results, a trend towards smaller number of days on which the Ambrosia pollen concentration exceeded 13 and 30 pollen grains m -3 was observed in Szczecin, north-west Poland [54] . Ragweed pollen is present in the air of Slovakia between the beginning of July until the end of October, with the maximum pollination between mid-August and mid-September. In the remaining months, only sporadic pollen grains were detected in the air. Of all monitoring sites, the Ambrosia pollen season started earliest in Nitra (mean = 219 DOY, on 7 August) (Tab. 3). Within the remaining four stations, the mean values of pollen season start dates were very similar, ranging from 223-225 DOY (11-13 August) (Tab. 3). In Bratislava, the Ambrosia pollen seasons started earlier during the studied period; however, this trend was not statistically significant (Tab. 4) . Similarly to the current results, the earlier start dates of pollen seasons of weed plants were recorded in Central Europe during the last decades [59] . The mean values of pollen season end dates were very similar within the investigated monitoring stations, and occurred from 260-264 DOY (17-21 September) (Tab. 3). No significant trend in pollen season end dates was found during the analysed years (Tab. 4).
Taking all monitoring stations into account, the longest pollen season was observed for Nitra (mean = 46 days) (Tab. 3). In the 16 years of the study, the trend towards a lengthening of pollen seasons was seen for Bratislava, but this trend was not statistically significant (Tab. 4). Contrary to these results, the strong trend towards a shortening of the Ambrosia pollen season was noted in Szczecin, Poland, over a period of 13 years (2000-2012) [54] .
CONCLUSIONS
The purpose of collecting data and mapping the current and past distribution of A. artemisiifolia in Slovakia was primarily to show the extent to which the species has invaded the country. The spread of the species across Slovakia from the time of its first mention in natural habitats to the present situation (1949-2014), regarding 5-year periods shows an accelerated increasing expansion throughout the country. The colonisation of this species was successful mainly in the south-western part of the country. The increase in the number of ragweed populations has been also recorded in hilly areas during the last decades; however, only with an islet character. Recently, two clear fronts of spread along the highways and main roads (from west to east and north-east) have been recognizable in Slovakia, with the initial spread mediated by shipping. The further spread in local regions was caused by agricultural activities and rail transport. The newest phenomenon is the spreading along roads, where populations form almost continuous stands in lowland and hill-land ranges. It is assume that the expansion has not yet reached its culmination peak, and due to climatic fluctuations, a temporary occurrence is expected even in such habitats where the species have not been expected in the past. Understanding the spatial distribution of the species is a key step in predicting its future spread in the region, and developing control measures to help prevent this spread.
In order to contribute to a better knowledge of the tendencies of the species throughout the country, the airborne pollen pattern was also analysed. The highest means of the SPIs were recorded in the Nitra, Trnava and Bratislava Monitoring stations located in the most infested areas by A. artemisiifolia in Slovakia. It is therefore suggested that the local populations of this species have a major influence on the airborne pollen quantity in Slovakia. However, there could also be a certain influence of the allochthonous populations on the pollen concentrations, especially in the Banská Bystrica and Košice areas, where the source plant is less abundant, whereas the amount of captured airborne pollen seems to be high.
Ambrosia pollen seasons in Bratislava and Banská Bystrica changed over the period of 16 and 11 years, respectively. In Bratislava, pollination periods of Ambrosia now start earlier and last longer. However, these trends are not significant. The intensity of pollen seasons were found to be decreasing in Bratislava probably due to intense urbanisation in recent years. The peak pollen values decreased significantly (-13.37 pollen/ year), while the decreasing trend in SPI was not significant. In contrast, the pollen seasons have a tendency (not significant) towards increasing intensity in Banská Bystrica, a town with less intensive urbanisation. The number of days on which the pollen concentration exceeded the threshold of sensitivity showed an increasing tendency during the study period in both analysed stations, but the only significant trend was for Banská Bystrica (+1.33 days/year). This significant trend is most likely related to long-range pollen transport from the regions where, unlike the Banská Bystrica area, the source plant species is abundant.
